Rigorous a n a l y t i c a l o r e x p e r imental v a l i d a t i o n s are provided f o r t h e canonical shapes, and i t i s shown t h a t FD-TD p r e d i c t i v e data f o r near f i e l d s and radar cross s e c t i o n (RCS) are i n excell e n t agreement w i t h t h e benchmark data. I t i s concluded t h a t , w i t h c o n t i nui ng advances i n FD-TD model i n g theory f o r t a r g e t f e a t u r e s r e l e v a n t t o t h e RCS problem, and w i t h c o n t i n u i n g advances i n vector -and concurrentprocessing supercomputer technology, i t i s l i k e l y t h a t FD-TD numerical modeling w i 11 occupy an i m p o r t a n t p l a c e i n RCS technology i n t h e 1990's and beyond.
Introduction

Accurate numerical modeling o f t h e radar cross s e c t i o n (RCS) o f complex e l e c t r i c a l l y -l a r g e o b j e c t s i s d i f f i c u l t . Typical s t r u c t u r e s have shapes, apertures, c a v i t i e s , and mater i a1 compositions o r coatings which produce near f i e l d s t h a t cannot be resolved i n t o f i n i t e sets o f modes o r rays.
Proper numerical modeling o f such near f i e l d s r e q u i r e s sampling a t sub-wavelength r e s o l u t i o n t o avoid a l i a s i n g of magnitude and phase information.
The goal i s t o p r o v i d e a s e l f -c o n s i s t e n t model o f t h e mutual c o u p l i n g o f a l l o f t h e e l e c t r i c a l l y small regions ( c e l l s ) comprising t h e s t r u c t u r e , even i f t h e s t r u c t u r e spans tens o f wavelengths i n t h r e e dimensions.
A candidate numerical modeling approach f o r t h i s purpose i s t h e f i n i t e -d i f f e r e n c e time-domain (FD-TD) s o l u t i o n o f Maxwell's c u r l equations. T h i s approach i s analogous t o e x i s t i n g f i n i t e -d i f f e r e n c e s o l u t i o n s o f f l u i d -f l o w problems encountered i n computational aerodynamics i n t h a t t h e numerical model i s based upon a d i r e c t s o l u t i o n o f t h e governing p a r t i a l d i f f e r e n t i a l equation.
Yet, FD-TO i s a n o n -t r a d i t i o n a l approach t o numerical electromagnetic modeling, where frequencydomain approaches have dominated.
One o f t h e goals o f t h i s paper i s t o demonstrate t h a t r e c e n t advances i n FD-TD modeling concepts and software implementation, combined w i t h advances i n computer techno1 ogy , have expanded t h e scope, accuracy, and speed o f FD-TD modeling t o t h e p o i n t where i t may be t h e p r e f e r r e d choice f o r c e r t a i n types o f s c a t t e r i n g problems. With t h i s i n mind, t h i s paper w i l l s u c c i n c t l y review t h e f o l l o w i n g FD-TD numerical modeling applicat i o n s d e a l i n g w i t h electromagnetic s c a t t e r i n g by canonical two-and three-dimensional t a r g e t s : a.
b. Metal cube, broadside incidence C i r c u l a r d i e l e c t r i c / permeable c y l i n d e r , conformally modeled Each o f these examples compares t h e FO-TD modeling r e s u l t s w i t h o t h e r data obtained v i a analysis, a1 t e r n a t i v e numerical procedures, o r actual measurements. Numerous other examples, i n c l u d i n g model s o f non-canonical aerospace and b i o l o g i c a l s t r u c t u r e s o f g r e a t complexity, are avai 1 ab1 e i n t h e references.
General Characteristics o f FD-TD
As stated, FD-TD i s a d i r e c t s o l u t i o n o f Maxwell's time-dependent c u r l equations.
It employs no potent i a l s .
Instead, i t a p p l i e s simple, second-order accurate c e n t r a l -d i f f e r e n c e approximations [ l ] f o r t h e space and time d e r i v a t i v e s o f t h e e l e c t r i c and magnetic f i e l d s d i r e c t l y t o t h e r e s p e c t i v e d i f f e r e n t i a l operat o r s o f t h e c u r l equations. T h i s achieves a sampleddata r e d u c t i o n o f t h e continuous electromagnetic f i e l d i n a volume o f space, over a p e r i o d o f time. Space and time d i s c r e t i z a t i o n s a r e selected t o bound e r r o r s i n t h e sampling process, and t o i n s u r e numerical s t a b i l i t y o f t h e a l g o r i t h m [2] .
E l e c t r i c and magnetic f i e l d components a r e i n t e r l e a v e d i n space t o p e r m i t a n a t u r a l s a t i s f a c t i o n o f t a n g e n t i a l f i e l d c o n t i n u i t y c o n d i t i o n s a t media i n t e r f a c e s . O v e r a l l , FD-TD i s a marching-intime procedure which simulates t h e continuous actual waves by sampled-data numeri c a l analogs propagating i n a data space s t o r e d i n a computer. A t each time step, t h e system o f equations t o update t h e f i e l d components i s f u l l y e x p l i c i t , so t h a t t h e r e i s no need t o s e t up o r solve a system o f l i n e a r equations, and t h e r e q u i r e d computer storage and r u n n i n g time i s p r o p o r t i o n a l t o t h e e l e c t r i c a l s i z e o f t h e volume modeled. F i g . l a i l l u s t r a t e s t h e time-domain wave t r a c k i n g concept o f t h e FD-TD method. A r e g i o n o f space w i t h i n t h e dashed l i n e s i s selected f o r f i e l d sampling i n space and time.
A t t i m e = 0, i t i s assumed t h a t a l l f i e l d s w i t h i n t h e numerical sampling r e g i o n a r e i d e n t ic a l l y zero. An i n c i d e n t plane wave i s assumed t o enter t h e sampling r e g i o n a t t h i s p o i n t . Propagation o f t h e i n c i d e n t wave i s modeled by t h e commencement o f timestepping, which i s simply t h e implementation o f t h e f i n i t e -d i f f e r e n c e analog o f t h e c u r l equations. Timestepping continues as t h e numerical analog o f t h e i n c i d e n t wave s t r i k e s t h e modeled t a r g e t embedded w i t hi n t h e sampling r e g i o n .
A l l outgoing s c a t t e r e d wave analogs i d e a l l y propagate through t h e l a t t i c e truncat i o n planes w i t h n e g l i g i b l e r e f l e c t i o n t o e x i t t h e sampling r e g i o n .
Phenomena such as i n d u c t i o n o f surface currents, s c a t t e r i n g and m u l t i p l e s c a t t e r i n g , p e n e t r a t i o n through apertures, and c a v i t y e x c i t a t i o n are modeled time-step by time-step by t h e a c t i o n o f t h e c u r l equations analog.
Self-consistency o f these modeled phenomena i s g e n e r a l l y assured i f t h e i r s p a t i a l F i g . 1. Basic elements o f t h e FD-TD space l a t t i c e : ( a ) time-domain wave t r a c k i n g concept; ( b ) l a t t i c e u n i t c e l l i n Cartesian coordinates [l] . and temporal v a r i a t i o n s a r e w e l l resolved by t h e space and time sampling process.
Time-stepping i s continued u n t i l t h e d e s i r e d l a t etime p u l s e response o r steady-state behavior i s a c h i e v e d . An important example o f t h e l a t t e r i s t h e sinusoidal steady state, wherein t h e i n c i d e n t wave i s assumed t o have a sinusoidal dependence, and time-stepping i s cont i n u e d u n t i l a l l f i e l d s i n t h e sampling r e g i o n e x h i b i t sinusoidal r e p e t i t i o n .
This i s a consequence o f t h e l i m i t i n g amplitude p r i n c i p l e C31.
Extensive numerical experimentation w i t h FD-TD has shown t h a t t h e number o f complete cycles o f t h e i n c i d e n t wave r e q u i r e d t o be time-stepped t o achieve t h e sinusoidal steady s t a t e i s approximately equal t o t h e Q f a c t o r o f t h e s t r u c t u r e o r phenomenon being modeled.
F i g . l b i l l u s t r a t e s t h e p o s i t i o n s of t h e e l e c t r i c and magnetic f i e l d components about a cubic l a t t i c e u n i t c e l l E l l . Note t h a t each magnetic f i e l d vector component i s surrounded by f o u r c i r c u l a t i n g e l e c t r i c f i e l d vector components, and v i c e versa.
This arrangement permits n o t o n l y a centered-difference analog t o t h e space d e r i v a t i v e s o f t h e c u r l equations, b u t a l s o a n a t u r a l geometry f o r implementing t h e i n t e g r a l form o f Faraday's Law and Ampere's Law a t t h e space c e l l l e v e l . T h i s i n t e g r a l r e p r e s e n t a t i o n permits a simple b u t e f f e c t i v e modeling o f t h e physics o f smoothly curved t a r g e t surfaces, as w i l l be seen l a t e r .
F i g .
2 i l l u s t r a t e s how an a r b i t r a r y threedimensional s c a t t e r e r i s embedded i n an FD-TD space l a t t i c e comprisedof t h e u n i t c e l l s o f F i g . l b . Simply, t h e d e s i r e d values o f e l e c t r i c a l p e r m i t t i v i t y and cond u c t i v i t y a r e assigned t o each e l e c t r i c f i e l d component o f t h e l a t t i c e .
Correspondingly, desired values o f magnetic p e r m e a b i l i t y and e q u i v a l e n t l o s s a r e assigned t o each magnetic f i e l d component o f t h e l a t t i c e . The media parameters a r e i n t e r p r e t e d by t h e FD-TD program as l o c a l c o e f f i c i e n t s f o r t h e time-stepping algorithm. S p e c i f i c a t i o n o f media p r o p e r t i e s i n t h i s component-bycomponent manner r e s u l t s i n a stepped-edge approximat i o n o f curved surfaces.
C o n t i n u i t y o f t a n g e n t i a l f i e l d s i s assured a t t h e i n t e r f a c e o f d i s s i m i l a r media w i t h t h i s procedure. T h e r e i s n o need f o r special f i e l d matching a t media i n t e r f a c e s .
Stepped-edge approximat i o n o f curved surfaces has been found t o be adequate i n t h e FD-TD modeling problems studied i n t h e 1970's and e a r l y 198O's, i n c l u d i n g wave i n t e r a c t i o n s w i t h b i ol o g i c a l t i s s u e s C41, p e n e t r a t i o n i n t o c a v i t i e s C5 -71, and electromagnetic p u l s e i n t e r a c t i o n s w i t h complex s t r u c t u r e s [ 8 -1 0 1 .
However, r e c e n t i n t e r e s t i n wide dynamic range m o d e l s o f s c a t t e r i n g by curved t a r g e t s has prompted t h e development o f surface-conforming FD-TD aDDroaches which e l i m i n a t e s t a i r c a s i n q .
One such w i l l be' sumnari zed l a t e r i n t h i s paper.
A r b i t r a r y 3-D s c a t t e r e r embedded i n t h e FD-TD space l a t t i c e . a. A l a r g e n e a r -f i e l d computational dynamic range i s achieved s i n c e t h e s c a t t e r e r o f i n t e r e s t i s embedded i n t h e t o t a l -f i e l d r e g i o n . Thus, low actual f i e l d l e v e l s
F i g . 3a i l l u s t r a t e s t h e d i v i s i o n o f t h e FD-TD l a tt i c e i n t o t o t a l -f i e l d and s c a t t e r e d -f i e l d regions. This d i v i s i o n has been found t o be very useful since i t permits t h e e f f i c i e n t s i m u l a t i o n o f an i n c i d e n t plane wave i n t h e t o t a l -f i
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. Zoning o f t h e FD-TD space l a t t i c e : ( a ) t o t a l -f i e l d and s c a t t e r e d -f i e l d r e g i o n s [ l l , 121; i n t h e s c a t t e r e d -f i e l d r e g i o n [12].
( b ) near-to-far f i e l d i n t e g r a t i o n surface l o c a t e d i n shadow regions o r w i t h i n s h i e l d i n g enclosures a r e computed d i r e c t l y w i t h o u t s u f f e r i n g s u b t r a c t i o n noise (as w o u l d b e t h e case i f s c a t t e r e d f i e l d s i n such r e g i o n s were time-stepped v i a FD-TD, and then added t o a cancell i n g i n c i d e n t f i e l d t o o b t a i n t h e low t o t a l -f i e l d l e v e l s . ) b. Embedding t h e s c a t t e r e r i n t h e t o t a l -f i e l d r e g i o n permits a n a t u r a l s a t i s f a c t i o n o f t a n g e n t i a l f i e l d cont i n u i t y across media i n t e r f a c e s , as discussed e a r l i e r , w i t h o u t having t o compute t h e i n c i d e n t f i e l d a t p o s s i b l y numerous p o i n t s along a complex locus t h a t i s unique t o each s c a t t e r e r .
The zoning arrangement o f F i g . 3a r eq u i r e s computation of t h e i n c i d e n t f i e l d o n l y along t h e rectangular connecting s u r f a c e between t h e t o t a l -f i e l d and s c a t t e r e d -f i e l d regions. This surface i s f i x e d , i.e., independent o f t h e shape o r composition o f t h e enclosed s c a t t e r e r being modeled.
c. The p r o v i s i o n o f a w e l l -d e f i n e d s c a t t e r e d -f i e l d r e g i o n i n t h e FD-TD l a t t i c e permits t h e near-to-far f i e l d transformation depicted i n F i g . 3b. The dashed v i r t u a l surface shown here can be l o c a t e d along convenient l a tt i c e planes i n t h e s c a t t e r e d -f i e l d r e g i o n o f F i g . 3a.
Tangential s c a t t e r e d E and H f i e l d s computed v i a FD-TD a t t h i s v i r t u a l surface can then be weighted by t h e free-space Green's f u n c t i o n and then i n t e g r a t e d (sumned) t o p r o v i d e t h e f a r -f i e l d response and RCS ( f u l l b i s t a t i c response f o r t h e assumed i l l u m i n a t i o n angle) c12 -141.
The n e a r -f i e l d i n t e g r a t i o n surface has a f i x e d rectangul a r shape, and thus i s independent o f t h e shape o r comp o s i t i o n o f t h e enclosed s c a t t e r e r being model ed.
F i g . 3a uses t h e term " l a t t i c e t r u n c a t i o n " t o desi g n a t e t h e outermost l a t t i c e planes i n t h e scatteredf i e l d region. The f i e l d s a t these planes cannot be computed using t h e centered-differencing approach because o f t h e assumed absence o f known f i e l d data a t p o i n t s o u t s i d e o f t h e l a t t i c e t r u n c a t i o n . These data are needed t o form t h e c e n t r a l d i f f e r e n c e s . Therefore, an a u x i l i a r y l a
t t i c e t r u n c a t i o n c o n d i t i o n i s necessary. This condit i o n must be c o n s i s t e n t w i t h Maxwell's equations i n t h a t an outgoing scattered-wave numerical analog s t r i k i n g t h e t r u n c a t i o n must e x i t t h e l a t t i c e w i t h o u t appreciable non-physical r e f l e c t i o n , j u s t as i f t h e l a t t i c e t r u n c a t i o n was i n v i s i b l e .
It has been shown t h a t t h e r e q u i r e d l a t t i c e truncat i o n c o n d i t i o n i s r e a l l y a r a d i a t i o n c o n d i t i o n i n t h e near f i e l d E15 -171.
A very successful second-order accurate f i n i t e -d i f f e r e n c e approximation o f t h e exact r a d i a t i o n c o n d i t i o n i n Cartesian coordinates was i n t r oduced i n [ll] . T h i s approximation was subsequently used i n a v a r i e t y o f 2-D and 3-D FD-TD s c a t t e r i n g codes c l 2 -141, y i e l d i n g e x c e l l e n t r e s u l t s f o r both near and f a r f i e l d s .
( [21] .
For example, a l l FD-TD r e s u l t s i n t h i s paper were obtained u s i n g t h i s approximate r a d i a t i o n c o n d i t i o n . 1 However, r e c e n t i n t e r e s t i n wide dynamic range models o f s c a t t e r i n g has prompted research i n t h e c o n s t r u c t i o n o f even more accurate n e a r -f i e l d r a d i a t i o n conditions, i n c l u d i n g f i x e d t h i r d -o r d e r accurate approximations c18, 191, adaptive c o n d i t i o n s [20], and p r e d i c t o rc o r r e c t o r c o n d i t i o n s
The
goal here i s t o reduce t h e numerical l a t t i c e background noise due t o nonphysical r e f l e c t i o n s o f wave analogs a t t h e l a t t i c e t r u n c a t i o n s by a t l e a s t 20 dB r e l a t i v e t o t h a t o f [ll].
Scatterinq Prediction for Canonical Tarqets
A n a l y t i c a l , code-to-code, and experimental Val i d at i o n s have been obtained r e l a t i v e t o FD-TD modeling o f a wide v a r i e t y o f 2-D and 3-D s t r u c t u r e s [22]. 80th convex and r e e n t r a n t ( c a v i t y -t y p e ) shapes have been studied; and s t r u c t u r e m a t e r i a l compositions have included p e r f e c t conductors, homogeneous and inhomogeneous lossy d i e l e ct r i c s , and a n i s o t r o p i c d i e l e c t r i c and permeable media. Selected p a s t and new v a l i d a t i o n s w i l l be reviewed here.
a. Circular Dielectric / Permeable Cylinder, Conformally Modeled
The i n t e r l e a v i n g o f E and H f i e l d components i n t h e FD-TD l a t t i c e p e r m i t s t h e c o n s t r u c t i o n o f generalized Faraday's Law and Ampere's Law contour paths which can be adjusted t o e x a c t l y conform w i t h a smoothly curved t a r g e t surface.
An example o f t h i s i s shown i n F i g . 
I n t h i s manner, s l i g h t l y m o d i f i e d time-stepping expressions f o r t h e f i e l d components a t o r adjacent t o t h e t a r g e t surface a r e d e r i v e d from t h e i n t e g r a l form o f
FD-TD l a t t i c e are time-stepped i n t h e normal manner. I n e f f e c t , only t h e space c e l l s immediately adjacent t o t h e t a r g e t surface a r e deformed t o conform w i t h t h e surface.
The accuracy o f t h e conformal FD-TD model i s i l l u st r a t e d i n F i g . 5. Here, a moderate-resolution Cartesian FD-TD g r i d (having 1/20 d i e l e c t r i c -w a v e l e n g t h c e l l s i z e ) i s used t o compute t h e surface e l e c t r i c and magnetic c u r r e n t d i s t r i b u t i o n s induced on a k a = 5 c i r c u l a r d i e l e c t r i c / p e r m e a b l e c y l i n d e r by a TE-poqarized i n c i d e n t plane wave. E x c e l l e n t agreement w i t h t h e exact modal s o l u t i o n i s seen. Note a l s o t h a t t h e computer running time f o r t h e conformal FD-TD model i s e s s e n t i a l l y t h e same as f o r t h e o l d s t a i r c a s e FD-TD model s i n c e o n l y a few f i e l d components immediately adjacent t o t h e t a r g e t surface r e q u i r e a s l i g h t l y modified time-steppi ng r e l a t i o n .
b. Metal Cube, Broadside Incidence [131 Results are now shown f o r t h e FD-TD computed surface e l e c t r i c c u r r e n t d i s t r i b u t i o n on a metal cube s u b j e c t t o plane-wave i l l u m i n a t i o n a t broadside incidence. The c u r r e n t d i s t r i b u t i o n i s compared t o t h a t computed by a standard frequency-domain, e l e c t r i c f i e l d i n t e g r a l equat i o n (EFIE), t r i a n g u l a r surface-patching, method o f moments (MOM) code. It i s shown t h a t a very h i g h degree o f correspondence e x i s t s between t h e two sets o f p r e d i c t i v e data.
The d e t a i 1 ed surface c u r r e n t study i nvol ves a metal cube o f e l e c t r i c a l s i z e k s = 2 , where s i s t h e s i d e w i d t h o f t h e cube.
For tRe FD-TD model, each cube face i s spanned by 400 square c e l l s (20 x 201, and t h e r a d i at i o n boundary i s l o c a t e d a t a u n i f o r m distance o f 15 c e l l s from t h e cube surface.
For t h e MOM model, each cube face i s spanned by e i t h e r 18 o r 32 t r i a n g u l a r patches ( t o t e s t i t s con!ergence).
F i g . 6 graphs comp a r a t i v e r e s u l t s f o r t h e l o o p i n g " surface c u r r e n t along t h e E-plane locus a b ' c ' d . The FD-TD values agree w i t h t h e h i g h -r e s o l u t i o n MOM d:ta t o b e t t e r than 22.5% (20.2 dB) i n magnitude and +_1 i n phase a t a l l comparison p o i n t s . ComDarison o f FD-TO and EFIE/MOM r e s u l t s f o r F i g . 6.
t h e "looping" surface e l e c t r i c c u r r e n t along t h e E-plane locus o f a p e r f e c t l y -c o n d u c t i n g cube: ( a ) magnitude; ( b ) phase C131. azimuth f o r t h e crossed-plate t a r g e t a t 9 GHz (main p l a t e s i z e = 3 x 9 Ao, b i s e c t i n g f i n s i z e = 3 x 3 Ao) c14, 221.
c. Three-Dimensional T-Shaped Conductinq Tarqet c14, 221
We n e x t consider t h e monostatic RCS p a t t e r n o f a Tshaped conducting t a r g e t c o n s i s t i n g o f a 1 0~3 0~0 . 3 3 cm main p l a t e and a 1 0~1 0~0 . 3 3 cm b i s e c t i n g f i n . The i l l u m i n a t i o n i s a 9.0-GHz plane wave a t 0" e l e v a t i o n angle and TE p o l a r i z a t i o n r e l a t i v e t o t h e main p l a t e . Thus, t h e main p l a t e spans 9. For t h i s t a r g e t , t h e FD-TD model uses a u n i f o r m c e l l s i z e o f 0.3125 cm (A0/10.667), forming t h e main p l a t e by 3 2 x 9 6~1 c e l l s a n d t h e b i s e c t i n g f i n by 3 2 x 3 2~1 c e l l s . The r a d i a t i o n boundary i s l o c a t e d o n l y 8 c e l l s from t h e t a r g e t ' s maximum surface extensions, so t h a t t h e o v e r a l l l a t t i c e s i z e i s 4 8 x 112 x 48 c e l l s , c o n t a i n i n g 1,548,288 unknown f i e l d components (212.6 cubic wavelengths). S t a r t i n g w i t h z e r o -f i e l d i n i t i a l conditions, 661 time steps are used, equal t o 31 c y c l e s o f t h e i n c i d e n t wave. F i g . 7 compares t h e FD-TD p r e d i c t e d monostatic RCS values a t 32 key look angles w i t h measurements performed by S R I I n t e r n a t i o n a l . These l o o k angles are selected t o d e f i n e t h e major peaks and n u l l s o f t h e monostatic RCS p a t t e r n .
The agreement i s e x c e l l e n t : i n amplitude, w i t h i n 1 ; B over a 40-dB dynamic range; and i n azimuth, w i t h i n 1 i n l o c a t i n g t h e p a t t e r n ' s peaks and n u l l s .
Comparison o f FD-TD and SBR r e s u l t s f o r t h e monostatic RCS vs. e l e v a t i o n angle o f a t r i h e d r a l corner r e f l e c t o r ( b o t h uncoated and w i t h commercial RAM c o a t i n g ) : ( a ) t a r g e t geometry; ( b ) comparative RCS. C51 A. T a f l o v e and K. Umashankar, "Evaluation 0 : timedomain electromagnetic coup1 i ng techniques, F i n a l Report RADC-TR-80-251, Rome A i r Dev. C t r . , G r i f f i s s AFB, NY, A p r i l 1980. C6l A. Taflove, " A p p l i c a t i o n o f t h e f i n i t e -d i f f e r e n c e time-domain method t o sinusoidal s t y d y -s t a t e electromagnetic p e n e t r a t i o n problems, IEEE Trans. Electromagn. Compat., EMC-22, 191-202, Aug. 1980 . C71 A. Taflove and K. Umashankar, "A h y b r i d moment method / f i n i t e -d i f f e r e n c e time-domain approach t o electromaqnetic c o w l i n q and aperture p e n e t r a t i o n
d. Trihedral Corner Reflector
We l a s t consider t h e monostatic RCS p a t t e r n o f a conducting t r i h e d r a l corner r e f l e c t o r , b o t h uncoated and w i t h commercial r a d a r absorbing m a t e r i a l (RAM) coating. The r e f l e c t o r c o n s i s t s o f three, t h i n , 15 x 15 cm f l a t p l a t e s mountedatmutual 90' angles, as shown i n F i g . Ba. The i l l u m i n a t i o n i s a 10.0-GHz plane wave a t 45" azimuth angle and e-directed E f i e l d . Thus, t h e r e f l e c t o r spans 5 x 5 x 5 A . For t h e coated case, t h e RAM i s assumed t o be EmersSn & Cuming Type AN-73 (0.9525 cm t h i c k , cons i s t i n g o f 3 d i s t i n c t l o s s y l a y e r s o f equal thickness).
For t h i s t a r g e t , t h e FD-TD model uses a u n i f o r m c e l l s i z e o f 0.25 cm ( A /12), spanning each p l a t e by 60 x 60 c e l l s .
The l a t t i c g r a d i a t i o n boundary i s l o c a t e d o n l y 12 c e l l s from t h e t a r g e t , so t h a t t h e o v e r a l l l a t t i c e s i z e i s 84 x 84 x 84 c e l l s , c o n t a i n i n g 3,556,224 unknown f i e l d components (343 c u b i c wavelengths). S t a r t i n g w i t h z e r o -f i e l d i n i t i a l c o n d i t i o n s , 720 time steps are used, equal t o 30 cycles o f t h e i n c i d e n t wave. F i g . 8b compares t h e FD-TD computed monostatic RCS p a t t e r n i n t h e 0 plane (0 f i x e d a t 45') w i t h p r e d i c t i o n s made by a shooting and bouncing r a y (SBR) code developed by Prof. S. W. Lee o f t h e U n i v e r s i t y o f I l l i n o i s a t Urbana. E x c e l l e n t agreement i s seen f o r t h e uncoated t a r g e t case. For t h e RAM-coated case, both codes p r e d i c t s u b s t a n t i a l r e d u c t i o n o f t h e RCS response. It i s seen t h a t t h e p r e d i c t e d RCS p a t t e r n s f o r t h i s case a r e i n good q u a l i t a t i v e agreement.
Potential f o r Modelinq U l t r a -C m l e x Tarqets
A graphic i l l u s t r a t i o n o f t h e p o t e n t i a l o f FD-TD f o r modeling s t r u c t u r e s comprised o f u l tra-complex e l e c t r omagnetic wave absorbing media i s provided by t h e wholebody dosimetry work r e p o r t e d by t h e U n i v e r s i t y o f Utah i n [23] .
D i r e c t l y e x p l o i t i n g t h e a b i l i t y o f FD-TD t o model media i nhomogenei ti es down t o t h e space-cel 1 l e v e l , and f u l l y u t i l i z i n g t h e speed and memory c a p a b i l i t i e s o f t h e Cray-2, h i g h l y r e a l i s t i c 3-D t i s s u e models o f t h e complete human body a t a u n i f o r m space r e s o l u t i o n i n t h e order o f 1 cm have been constructed f o r t h e f i r s t time. W i t h capabi 1 i t i e s o f supercomputers expanding by a t l e a s t one order o f magnitude i n t h e n e x t decade, i t i s l i k e l y t h a t FD-TD numerical modeling w i l l occupy an important place i n RCS technology i n t h e 1990's and beyond.
